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The retinoblastoma tumor suppressor (RB) is a central cell
cycle regulator and tumor suppressor. RB cellular functions are
known to be regulated by a diversity of post-translational mod-
ifications such as phosphorylation and acetylation, raising the
possibility that RB may also be methylated in cells. Here we
demonstrate that RB canbemethylated by SMYD2at lysine 860,
a highly conserved and novel site of modification. This methyl-
ation event occurs in vitro and in cells, and it is regulated during
cell cycle progression, cellular differentiation, and in response
to DNA damage. Furthermore, we show that RBmonomethyla-
tion at lysine 860 provides a direct binding site for the methyl-
binding domain of the transcriptional repressor L3MBTL1.
These results support the idea that a code of post-translational
modifications exists for RB and helps guide its functions in
mammalian cells.

The retinoblastoma tumor suppressor gene RB2 is mutated
in a large spectrum of human cancers (1, 2). In tumor cells
whereRB is not directlymutated, and in normal cells during cell
cycle progression, the RB protein is functionally inactivated by
phosphorylation by cyclin/CDK complexes (3). RB phosphor-
ylation results in the release of E2F transcription factors, allow-
ing cells to progress into the S phase of the cell cycle (4). In
addition to phosphorylation by cyclin/CDK complexes, RB
activity is controlled by other post-translational events. For
instance, Chk2 phosphorylates RB in response to DNA damage
(5). In addition, RB is acetylated (6–9), sumoylated (10), and
ubiquitinated (11–13) in response to various cellular signals.
The consequences of thesemodifications involve changes in RB
protein levels and in the binding affinity for proteins that inter-
act with RB, such as E2F, chromatin-remodeling enzymes, and
other regulators of cell cycle progression and cellular differen-
tiation. For example, RB acetylation is thought to inhibit its

phosphorylation and to promote its binding to MDM2, which
results in the subsequent degradation of EID-1, an inhibitor of
differentiation (8, 9).
Recent evidence that non-histone proteins can be methyl-

ated supports the idea thatmethylationmay affect gene expres-
sion and cellular functions not only by modifying histone tails
(14–17) but also by changing the activity of transcription fac-
tors, including the p53 tumor suppressor (18–27). These obser-
vations suggest that, similar to the “histone code” (28), combi-
nations of post-translational modifications may define codes
that affect the function of key regulators of transcription. Based
on these observations and evidence suggesting that RB directly
interacts with chromatin-modifying agents, including methyl-
transferases (29–33), it is not surprising that RB was recently
shown to be a target for lysine methylation by SET9 (34). Nev-
ertheless, the extent of RB methylation in cells and its conse-
quences for RB function are still largely unknown. In this study,
we report that SMYD2 methylates RB at lysine 860. We show
that this modification permits direct binding of RB to the lysine
methyl-binding protein L3MBTL1, which may alter the func-
tion of RB in cells.

EXPERIMENTAL PROCEDURES

Plasmids, Antibodies, and Peptides—MYC-SMYD2, MYC-
SMYD2(Y290F) (35), FLAG-SMYD2 (19), GST-SET9 (18) were
described previously. Details for the construction of human
GST-RB fragments, HA-RB(K860R), HA-RB(K870,873,874R),
GST-SMYD2,GST-3xMBT,GST-3xMBTmutants, andFLAG-
L3MBTL1 wild-type and mutant vectors are available upon
request. Biotinylated RB peptides VCNSDRVLK(me0–3)
RSEAGSNPPKPLKKLK and H4K20(aa 1–23) (me0–3) pep-
tides were purchased from the Small Scale Peptide Synthesis
facility (Yale University). Rabbit polyclonal antibodies to
RBK860me1 were generated by Abmart following immuniza-
tion with the monomethylated peptide 853-CNSDRVLK(me1)
RSEAG-865. Other antibodies used in this study are directed
against Streptavidin (Abcam), RB (Ref. 36, 4.1, DSHB, Univer-
sity of Iowa), RB C-15 (Santa Cruz Biotechnology), E2F1 (Santa
Cruz Biotechnology), MYC (Sigma Aldrich), �-actin (Sigma
Aldrich), p107 (Santa Cruz Biotechnology), �H2AX (Cell Sig-
naling Technology), GST (E5, Santa Cruz Biotechnology),
FLAG (M2, Sigma Aldrich), �-Tubulin (Sigma Aldrich),
L3MBTL1 (Abcam), and H3K4trime (Active Motif).
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Cell Culture and Transfections—293T, T98G, Saos-2, U2OS,
C2C12, and NIH3T3 cells were maintained in DMEMmedium
supplementedwith 10%bovine growth serum.Cellswere trans-
fectedwith calciumphosphate or using aNucleofector (Lonza).
Immunoprecipitation—Whole cell extracts from cells were

prepared in 50 mM Tris pH 7.4, 250 mM NaCl, 10% glycerol,
0.5% Triton-X-100, and protease inhibitors. RB was immuno-
precipitated with RB or RBK860me1 antibodies. Ectopically
expressed HA-RB and mutants were precipitated with anti-
HA-agarose beads (Sigma Aldrich) and ectopically expressed
FLAG-L3MBTL1 and mutants were immunoprecipitated with
anti-M2 FLAG resin (Sigma Aldrich). Immunoprecipitated
proteins were resolved on SDS-PAGE gels for immunoblot
analysis as described (36).
In Vitro Methyltransferase Assay and Mass Spectrometry—

Assays were performed as previously described (37). Briefly, 5
�g of GST-RB were incubated with 5 �g of GST-SMYD2 or
GST-SET9, and 0.1 mM S adenosyl-methionine (SAM, Sigma
Aldrich) or 55 �Ci of [3H]SAM (Perkin Elmer) at 30 °C for
2 h before electrophoresis and autoradiography or mass
spectrometry.
Mass Spectrometry Analysis—Samples were first reduced

and alkylated with 10 mM Tris(2-carboxyethyl) phosphine
hydrochloride (Roche Applied Science) and 55 mM iodoacet-
amide (Sigma Aldrich), respectively, then digested with endo-
proteinase Arg-C (Roche Applied Science) according to the
manufacturer’s specifications. The protein digest was pressure-
loaded onto a 100 �m i.d. fused silica capillary (Polymicro
Technologies) analytical column with a 5 �m pulled-tip,
packed with 10 cm of 5 �mC18 resin (Phenomenex). The ana-
lytical columnwas placed inlinewith an 1100 quaternaryHPLC
pump (Agilent Technologies) and the eluted peptides were
electrosprayed directly into an LTQ-XL mass spectrometer
(Thermo Scientific). The buffer solutions used were 5% aceto-
nitrile/0.1% formic acid (buffer A) and 80% acetonitrile/0.1%
formic acid (buffer B). The 120 min elution gradient had the
following profile: 10% buffer B at 5 min, to 50% buffer B at 80
min, to 100% buffer B from 90–100 min. A cycle consisted of
one full scan mass spectrum (400–2000 m/z) followed by 5
data-dependent electron transfer dissociation (ETD) MS/MS
spectra with an isolation width of 2 m/z. Fluoranthene anions
were set to a target value of 105 and ETD reaction time was set
at 50 ms. Supplemental activation was enabled. Application of
mass spectrometer scan functions and HPLC solvent gradients
were controlled by the Xcalibur data system (Thermo Scien-
tific). ETD MS/MS spectra were extracted up to charge state
10� using RawXtract (version 1.9) (38). ETD MS/MS spectra
were searched with the ProLuCID algorithm (39) against the
Escherichia coli SGD data base supplemented with the GST-RB
(amino acids 829–928) fusion protein sequence and concate-
nated to a decoy data base in which the sequence for each entry
in the original database was reversed (40). Charged reduced
precursors were removed from the spectra prior to searching.
The ProLuCID search was performed using full enzyme speci-
ficity and a static modification of cysteine due to carboxy-
amidomethylation (57.02146). Differential modifications con-
sidered were lysine monomethylation (14.0157), dimethylation
(28.0314), and trimethylation (42.0471). ProLuCID search

results were assembled and filtered using the DTASelect2.0
algorithm (41) with a false positive rate below one percent.
shRNA-mediated Knockdown—A pGIPZ lentiviral vector

containing shRNA against SMYD2 (Open Biosytems) or a con-
trol vector were used to infect cells as described (42). For tran-
sient knockdown, U2OS were transfected with two rounds of
SMYD2 ON-TARGETplus SMARTpool (L-020291–00-0005)
or ON-TARGETplus Non-targeting siRNA1 (D-001810–01-
05) using DharmaFECT 1 (Thermo Scientific).
RT-PCR and Real-Time PCR—RNA was extracted with

TRIzol (Invitrogen) and theRNeasyMiniKit (Qiagen). RT-PCR
and quantitative real-time PCR were performed using the
DyNAmo cDNA synthesis kit and the SybrGreenERMastermix
(Invitrogen), respectively. Primer sequences are available upon
request.
Cell Cycle and Cell Death and Differentiation Assays—T98G

cells were serum starved in DMEM supplemented with 0.1%
bovine growth serum and then stimulated with DMEM supple-
mented with 20% bovine growth serum for 0, 9, and 18 h. For
flow cytometry, T98G cells were collected and fixed with 70%
ethanol at 4 °C. Cells were then washed with PBS and stained
with 10 �g/ml propidium iodide and 100 �g/ml RNase. DNA
damage assays were performed inNIH3T3 cells treated with 10
�M etoposide. C2C12 myoblasts were induced to differentiate
by growing cells to confluency in mediumwith 2% horse serum
for 0, 1, 2, and 7 days.
Peptide Pull-down Assays—Peptide pull-down assays were

performed as previously described (37). Briefly, 1 �g of biotin-

FIGURE 1. Methylation of human RB by SMYD2 at lysine 860 in vitro.
A, schematic representation showing RB N-terminal region (N), its pocket
(A, I, B), and its C-terminal domain. Known acetylated (Ac) lysines (posi-
tions 873 and 874) and the lysine methylated by SMYD2 (position 860) are
shown. B, RB is methylated by SMYD2 at lysine 860 in vitro. Autoradio-
grams (3H) of histone methyltransferase (HMTase) assays with recombi-
nant RB fragments (GST-RB) and SMYD2. Single amino acid substitutions
(K-R) are indicated. Coomassie Blue staining shows the amount of RB pro-
tein loaded. C, C-term RB methylation is specific to SMYD2. Autoradiogram
of an HMTase assay with GST-RB fragments and SET9. D, RB lysine 860 is
highly conserved. Conservation of the sequences surrounding RB lysine
860 (in red) in several species.
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ylated peptide was incubated with 1 �g of protein in binding
buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Nonidet
P-40, and protease inhibitors) overnight at 4 °C with rotation
before incubation with streptavidin beads (Amersham Bio-
sciences) and immunoblot analysis.
Isothermal Titration Calorimetry—ITC assays were con-

ducted with a MicroCal VPITC Calorimeter as recently de-
scribed (43). Data were analyzed with the Origin calorimetry
software package assuming a one site binding model. N-values,
reflecting the stoichiometry of the RB-3xMBT complex, were

between 0.8 and 1.2. Experiments
were repeated 2–4 times, and the
reported error is the standard devi-
ation of each set of measurements.
Cell Fractionation—2 � 107 cells

were incubated in Buffer A (10 mM

HEPES pH 7.9, 10 mM KCl, 1.5 mM

MgCl2, 0.34M sucrose, 10% glycerol,
1 mM DTT, 0.1% Triton X-100, 5
�g/ml leupeptin, 5 �g/ml aprotinin,
0.1 mM PMSF) for 10 min on ice.
Nuclei were collected by centrifuga-
tion at 1,300 � g at 4 °C for 5 min
and the supernatant (S1) was fur-
ther clarified by centrifugation at
16,000 g at 4 °C for 10 min to yield
a cytoplasmic fraction (S2). The
nuclei werewashed once in Buffer A
and then lysed in Buffer B (3 mM

EDTA, 0.2 mM EGTA, 1 mMDTT, 5
�g/ml leupeptin, 5 �g/ml aprotinin,
0.1 mM PMSF) for 15 min on ice
followed by centrifugation at 1,700 g
at 4 °C for 5 min. The supernatant
(S3) consisting of nucleoplasm was
removed and the pellet (P3) was
resuspended in Laemmli buffer and
boiled for 20 min to yield the chro-
matin fraction (Chr).
Statistical Significance—Student’s t-

tests were conducted to determine
statistical significance. * denotes p
value of �0.05.

RESULTS

SMYD2 Methylates RB in Vitro—
The SMYD2 methyltransferase was
originally identified as an enzyme
whose activity could suppress cell
proliferation (35) and directly regu-
late p53 function (19). We tested
whether SMYD2 could also methyl-
ate theRBprotein, amajor regulator
of cell cycle progression at the G1/S
phase of the cell cycle. We found
that recombinant SMYD2 could
methylate a C-terminal fragment of
RB and had minimal or no activity

against the N-terminal and large pocket fragments of the pro-
tein (Fig. 1, A and B, left, and data not shown). We next identi-
fied lysine 860 (Lys-860 or K860) as the residue of RB that was
methylated in vitro by SMYD2 (Fig. 1B, right). In contrast, SET9
methylated RB within the large RB pocket and not in the C-ter-
minal fragment containing Lys-860 (Fig. 1C), suggesting a cer-
tain level of specificity for the methylation of RB by SMYD2 at
Lys-860. The conservation of RB K860 and surrounding
sequences in multiple species and the fact that this region does
not seem to be important in maintaining the structure of RB

FIGURE 2. Mass spectrometry analysis of RB methylation by SMYD2 in vitro. A, RB is monomethylated by
SMYD2. Modified peptides identified, charge state, and highest scoring site of modification (degree of meth-
ylation) in the RB/SMYD2 mass spectrometry analysis are shown. Lysine 860 is bolded and underlined. B, elec-
tron transfer dissociation (ETD) MS/MS spectrum matching charge state 6� for the peptide ILVSIGESFGTSEK-
FQKINQMVCNSDRVLK(Me)R and corresponding fragmentation map. Matched c- and z-ions are indicated on
the fragmentation map along with their m/z values. Matched c- and z-ions as well as charge-reduced precur-
sors are labeled on the MS/MS spectrum. Lysine monomethylation can be localized to Lys-860 and not Lys-844
or Lys-847 based on site-determining ions.
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(44) suggest that this amino acid may have an important func-
tional role (Fig. 1D).
To determine if RB K860 wasmono-, di-, or trimethylated by

SMYD2, an RB C-terminal fragment methylated in vitro by
SMYD2 was subjected to mass spectrometry analysis. While
several methylated peptides were identified using this sensitive
detection method, this analysis identified peptides containing
monomethylated RB K860 (Fig. 2), indicating that SMYD2
monomethylates RB at Lys-860 in vitro, similar to its activity on
p53 (19).
SMYD2 Methylates RB in Cells—To test if SMYD2 methyl-

ates RB at Lys-860 in cells, we developed polyclonal antibodies
that specifically recognize monomethylated Lys-860 in the RB
protein (RBK860me1). The specificity of these antibodies was
verified in vitro against non-methylated, mono-, di-, and tri-

methylated RB K860 and histone
H4K20 peptides (Fig. 3A). Using
these antibodies in immunoblot
experiments, we were able to detect
RB methylation in 293T cells that
had been transfected with tagged
HA-RB andMYC-SMYD2 (Fig. 3B).
Furthermore, this methylation was
dependent on themethyltransferase
catalytic domain of SMYD2 because
RB methylation was not detected in
similar conditions where MYC-
SMYD2 was substituted by MYC-
SMYD2(Y290F), a catalytically in-
active derivative of SMYD2 (Fig.
3B). Methylation was specific to
lysine 860 asMYC-SMYD2 failed to
methylate HA-RB(K860R), a form
of RBwhere lysine 860 ismutated to
arginine, arguing for a preferential
activity of SMYD2 at Lys-860 (Fig.
3B). As an additional control, we
expressed a form of RB with lysine
to arginine substitutions in re-
sidues close to lysine 860 (HA-
RB(K870,873, 874R)), two of which
can be acetylated in cells (6–9). We
found that these mutations did not
affect the capacity of MYC-SMYD2
to methylate RB (Fig. 3B). Thus, RB
is monomethylated at lysine 860 by
SMYD2 in cells when both proteins
are overexpressed. Similarly, we
found that endogenous RB mole-
cules were methylated by MYC-
SMYD2 (Fig. 3C). To test whether
endogenous RB methylation at
lysine 860was dependent on endog-
enous SMYD2 expression, we used
shRNA constructs to knockdown
SMYD2 in U2OS cells and found
that a decrease of �80% in SMYD2
mRNA levels resulted in a visible

decrease in the amount of methylated RB that could be immu-
noprecipitatedwith the antibody against RBK860me1 (Fig. 3D).
Similar experiments using stable knockdown in 293T cells and
transient knockdown in U2OS cells produced similar results
(supplemental Fig. S1). Together, these experiments indicate
that endogenous RB is monomethylated by SMYD2 at Lys-860
in cells.
RB Methylation at Lys-860 Is Increased in Response to Anti-

proliferative Signals—Because RB normally inhibits the G1/S
transition of the cell cycle (2), we hypothesized that RB meth-
ylation at Lys-860 may be regulated during G1 arrest. To test
this idea, we performed a cell cycle re-entry experiment. Cell
cycle re-entry from quiescence upon serum stimulation was
confirmed by increased RB phosphorylation, as judged by a
shift in migration, increased levels of the E2F target p107, and

FIGURE 3. Methylation of human RB by SMYD2 at lysine 860 in vivo. A, RBK860me1 antibody recognizes
monomethyl Lys-860 RB. The specificity of polyclonal antibodies recognizing monomethylated Lys-860 in
the RB protein (RBK860me1) was assessed by dot blot analysis with biotinylated peptides. A peptide from
histone H4 (amino acids 1–20) serves as a negative control. Streptavidin was used as a positive control and
a loading control. B, overexpressed SMYD2 monomethylates overexpressed RB at lysine 860 in 293T cells.
Whole cell extracts from 293T cells transfected with the indicated plasmids were immunoprecipitated
with HA resin and analyzed by immunoblot with RB, RBK860me1, and E2F antibodies. Controls include
lysine to arginine substitutions in RB at Lys-860 and Lys-870, -873, -874 as well as a mutant form of SMYD2
(Y290F) with decreased methyltransferase activity. Inputs for HA-RB and MYC-SMYD2 are shown. C, over-
expressed SMYD2 monomethylates endogenous RB at lysine 860. Whole cell extracts of 293T cells were
immunoprecipitated with antibodies against RB or control IgG antibodies followed by immunoblot anal-
ysis with RB and RBK860me1 antibodies. Inputs for RB and MYC-SMYD2 are shown. D, methylation of
endogenous RB at K860 in U2OS cells is decreased upon knockdown of SMYD2. shRNA molecules against
SMYD2 (shSMYD2) were stably expressed from a lentiviral vector. Cells infected with an empty lentivirus
serve as a control. Whole cell extracts were immunoprecipitated with antibodies against RBK860me1 or
control IgG antibodies followed by immunoblot analysis with RB. Inputs for RB and actin are shown. The
efficiency of the knockdown was measured by quantitative RT-PCR. One representative quantification of
the knockdown is indicated.
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cell cycle profiles (Fig. 4A). Interestingly, the amount of RB
immunoprecipitated with the antibody to RBK860me1 was
higher in quiescent cells compared with cells re-entering the
cell cycle while RB levels remained constant (Fig. 4A), indicat-
ing that RBmethylation at Lys-860 is regulated during cell cycle
re-entry.
We next tested whether RB methylation at Lys-860 is

affected when cells exit the cell cycle during differentiation. To
this end, we grew mouse C2C12 muscle cells under differenti-
ation conditions. Differentiation was monitored by visual
inspection of the culture and the appearance of fusedmyotubes
and hypophosphorylation of RB (Fig. 4B). Under these condi-
tions, RB levels and acetylated RB levels have been shown to
increase transiently as cells enter the differentiation program
(8). Similarly, we found a concomitant increase in total RB levels
and methylated RB levels as C2C12 cells differentiated (Fig. 4B).
This increase was not observed when RB levels were normalized
(Fig. 4B), indicating that there is an increase in both the total pool
of RB andmethylated RB in C2C12 cells as they exit the cell cycle
and undergo the first stages of muscle differentiation.
Finally, we tested whether RB methylation by SMYD2 was

affected byDNAdamage, aswas shown for p53 (19).We treated
NIH 3T3 cells with the DNA damaging agent etoposide and

verified the induction of DNA dam-
age by immunoblot analysis with
antibodies to the phosphorylated
form of histone H2AX (�H2AX)
(Fig. 4C).We found that the amount
of RB that could be immuno-
precipitated with the antibody to
RBK860me1 increased after etopo-
side treatment while RB levels
remained constant, indicating that
RB methylation at Lys-860 is
induced by DNA damage (Fig. 4C).
Thus, RB methylation at Lys-860 is
dynamic and regulated during sev-
eral cellular processes, suggesting
that it may play a functional role in
mammalian cells.
RB Methylation at Lys-860 Regu-

lates RB Binding to the Transcrip-
tional Repressor L3MBTL1—The
observation that the amount of
methylated RB increases under
cytostatic conditions, and the fact
that co-expression of SMYD2 and
RB in RBmutant Saos-2 cells causes
further repression of E2F target
genes when compared with RB
alone (supplemental Fig. S2), raised
the question of how methylation of
RB might affect its function. One
possibility was that RB methylation
may change its binding to specific
cellular partners. Whereas E2F1
binds to the C terminus of RB (6),
Lys-860 contributes a weak interac-

tion with E2F1 (44), and we found no reproducible differences
in the RB/E2F1 interactionwith orwithout SMYD2, in cells and
in vitro (Fig. 3C and supplemental Fig. S3 and data not shown).
This observation did not exclude that the binding to other part-
ners may be affected by the methylation event.
L3MBTL1 is a histone methyl-binding protein that can

condense chromatin and repress gene expression, including
the expression of RB targets (45, 46). The MBT domain of
L3MBTL1 has been found to bind methyl groups, with a pref-
erence for mono- and dimethylated lysines (45, 47, 48).
Whereas there is no published evidence that RB and
L3MBTL1 directly interact, we hypothesized that RB meth-
ylation may serve as a signal to increase a potential interac-
tion between RB and L3MBTL1. We found that a recombi-
nant 3xMBT domain from L3MBTL1 boundmore efficiently
to RB peptides mono- and dimethylated at Lys-860 than it
did to non- and trimethylated peptides (Fig. 5A). In addition,
mutations in amino acids of L3MBTL1 predicted to alter its
ability to recognize methylated peptides (46, 49, 50)
decreased its ability to bind to monomethylated RB at Lys-
860 (Fig. 5B). Isothermal titration calorimetry assays further
confirmed the specificity of L3MBTL1 for mono- and di-
methylated RB K860 (Fig. 5,C andD), with an affinity slightly

FIGURE 4. Regulation of RB methylation at lysine 860 in vivo. A, methylation of RB accumulates in G0.
Quiescent T98G cells were stimulated with 20% serum and RB methylation was measured by immunoprecipi-
tation of whole cell extracts with RBK860me1 antibody and immunoblot analysis with RB antibody. Note that
RB becomes hyperphosphorylated as cells re-enter the cell cycle, and that the levels of the RB/E2F target p107
increase as cells progress into S phase. Actin serves as a loading control. Propidium iodide FACS profiles
(bottom) show cell cycle re-entry. B, methylated RB accumulates as C2C12 myoblasts differentiate. Whole cell
extracts from differentiating C2C12 myoblasts were immunoprecipitated with RBK860me1 antibody followed
by immunoblot for RB. Input levels of RB are shown along with actin as a loading control (top). A replicate of this
experiment is shown with RB loading equalized from day 0 to day 2 (middle). Photographs at days 0 and 2 show
the differentiation into myotubes (bottom). C, RB methylation accumulates with DNA damage. Whole cell
extracts from NIH3T3 cells treated with etoposide for the indicated time periods were immunoprecipitated
with RBK860me1 followed by immunoblot analysis. Immunoblotting input with the phospho-H2AX epitope
(�H2AX) serves as a positive control for the accumulation of DNA damage. Input levels of RB are shown along
with actin as a loading control.
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higher than what was described with mono- and dimethyl-
ated histone peptides (46).
To determine if methylated RB associates with L3MBTL1 in

cells, we first determined if we could detect methylated RB in
chromatin where L3MBTL1 has been shown to function as a
repressor (45). Indeed, the analysis of different cellular fractions
from 293T cells transfected with HA-RB and MYC-SMYD2
revealed monomethyl RB at Lys-860 in the cytoplasmic (S2),
nuclear (S3), and most importantly, chromatin (Chr) fractions
(Fig. 6A). Next we investigated the binding of methylated RB to
L3MBTL1 in cells through co-immunoprecipitation experi-
ments. We found that FLAG-L3MBTL1 co-immunoprecipi-
tated more HA-RB in the presence of MYC-SMYD2 (Fig. 6B).
Furthermore, similar to the observations with recombinant
peptides (Fig. 5), the interaction between RB and L3MBTL1
was dependent on an intact 3xMBT domain (Fig. 6C). Finally,
this interactionwas decreased in cells expressingMYC-SMYD2
and HA-RB(K860R) compared with cells expressing wild-type
HA-RB, indicating that methylation at lysine 860 was required
for the optimal binding of L3MBTL1 to RB (Fig. 6D).

DISCUSSION

Regulation of RB activity in cells is thought to be largely,
although not entirely (51), due to post-translational modifica-
tions. Here we describe a previously unidentified post-transla-
tional modification of RB, methylation of Lys-860 by SMYD2.
We also show that RB K860 methylation facilitates a direct

interaction between RB and the methyl-binding protein
L3MBTL1. The identification of thismodification provides fur-
ther evidence for the existence of an “RB code”whereby specific
patterns of modifications affect one another and dictate the
myriad of RB cellular functions.
Our data indicate that SMYD2 methylates RB at Lys-860 in

vitro and in cells but does not exclude the possibility that
SMYD2maymethylate RB at different sites under specific con-
ditions. It is also possible that SMYD2, or anothermethyltrans-
ferase, may generate K860me2 and/or K860me3 residues. Fur-
thermore, other methyltransferase activities could control the
functions of RB in distinct cellular contexts, an idea supported
by our finding that SET9 can alsomethylate RB in vitro, albeit at

FIGURE 5. RB methylation at Lys-860 increases its interaction with the
MBT domains of L3MBTL1 in vitro. A, 3xMBT from L3MBTL1 preferentially
binds mono- and dimethyl K860 RB fragments. Pull-down assays of biotinyl-
ated RB and H4 peptides containing varying degrees of methylation with
GST-tagged 3xMBT from L3MBTL1. B, mutations in key residues of the methyl-
binding pocket of 3xMBT L3MBTL1 reduce binding to methylated RB frag-
ments. Pull-down assays of biotinylated RBK860me0 and RBK860me1 pep-
tides with 3xMBT L3MBTL1 mutants. Input levels of the RB fragment are
shown to the left of each blot. C and D, calorimetry assays confirm and quan-
tify binding of methylated RB to 3xMBT L3MBTL1. Isothermal titration calo-
rimetry assays were performed to measure the affinity of the interaction
between RB and the 3xMBT domain of L3MBTL1. Only the interaction with the
monomethylated RB peptide is shown in C. All the data are quantified in D; no
Kd could be determined for K860me0 and K860me3 because of the low affin-
ity of the interaction. FIGURE 6. RB methylation at Lys-860 increases its interaction with the

MBT domains of L3MBTL1 in vivo. A, monomethyl Lys-860 RB can be local-
ized to chromatin. 293T cells were fractionated by detergent lysis to generate
a cytoplasmic S2 fraction, a nuclear S3 fraction, and a chromatin (Chr) fraction.
Fractions were then analyzed by immunoblot with antibodies against RB and
RBK860me1. Tubulin and H3K4tri-me were used to assess the purity of the
fractionation. B, overexpression of SMYD2 increases binding of RB to
L3MBTL1. 293T cells were transfected with the indicated expression plasmids.
Whole cell extracts were immunoprecipitated with FLAG resin and analyzed
by immunoblot with antibodies against RB, RBK860me1, and L3MBTL1.
Inputs for FLAG-L3MBTL1, MYC-SMYD2, and RB are shown. C, D355N muta-
tion in the methyl-binding pocket of L3MBTL1 reduces the affinity of
L3MBTL1 for RB. 293T cells were transfected with the indicated expression
plasmids. IP was performed as in B and analyzed by immunoblot with anti-
bodies against RB, RBK860me1, and L3MBTL1. Inputs for FLAG-L3MBTL1,
FLAG-L3MBTL1(D355N), RB, and MYC-SMYD2 are shown. D, RB(K860R) muta-
tion reduces the affinity of RB for L3MBTL1. 293T cells were transfected with
the indicated expression plasmids. Immunoprecipitation was performed as in
B and C and analyzed by immunoblot with antibodies against HA,
RBK860me1, and L3MBTL1. Inputs for FLAG-L3MBTL1, HA-RB, HA-860, and
MYC-SMYD2 are shown. Tubulin serves as a loading control.
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a different site than SMYD2. Future experiments will continue
to examine the spectrum of RB methylation in relation to cel-
lular context and other post-translational modifications.
Early studies of SMYD2 described its ability to inhibit cell

cycle progression (35). The identification of RB as a SMYD2
substrate, and the accumulation of methylated RB molecules
during conditionswhereRB represses cell cycle genes,may pro-
vide a mechanism for this effect, perhaps in conjunction with
the effects of SMYD2 on p53 (19). Nevertheless, additional
experiments will be required to test this model. In particular,
the genetic interactions between SMYD2, RB, and p53 during
embryonic development at a time when many cells exit the cell
cycle remain to be tested. In addition, a clear role for SMYD2 in
tumorigenesis has yet to be identified.
L3MBTL1 is a mono- and dimethyl histone-binding protein

that has the ability to condense chromatin and repress tran-
scription (52). A possible biochemical link between L3MBTL1
and RB has been suggested by the fact that both proteins have
been found in the same large complexes in flies and human cells
(45, 53). In addition, L3MBTL1 has the ability to bind to and
repress the transcription of some E2F target genes (45). How-
ever, these studies did not determine if RB and L3MBTL1
directly interacted. Our studies indicate that RB can bind
directly to the 3xMBT domain of L3MBTL1. Moreover,
this direct interaction is facilitated by RB methylation at Lys-
860. These associations between RB and L3MBTL1 suggest a
model whereby RBmethylation by SMYD2may serve to recruit
L3MBTL1 to the promoters of specific RB/E2F target genes to
repress their transcription. Similar observations were recently
made with p53, which indicate that the L3MBTL1/p53 interac-
tion serves to control the repression of p53 target genes in the
absence of cellular stress (55). Because L3MBTL1 has been
shown to homodimerize (54), future studies will determine if
L3MBTL1 bound to methylated RB (and p53) also has the
potential to bindmethylated histones on the samemonomer or
as a dimer. This would provide a direct physical link between
the “RB code,” the “histone code,” and structurally repressed
chromatin. Because L3MBTL1 is the homolog of the Drosoph-
ila tumor suppressor protein dL(3)MBT (52), future experi-
ments should also investigate the tumor suppressor function of
L3MBTL1 in mammals.
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